The search for adequate markers of atherosclerotic plaque (AP) instability in the context of assessment of the ischemic stroke risk in patients with atherosclerosis of the carotid arteries as well as for solid physical and chemical factors that are connected with the AP stability is extremely important. We investigate the inner lining of the carotid artery specimens from the male patients with atherosclerosis (27 patients, 42-64 years old) obtained during carotid endarterectomy by using different analytical tools including ultrasound angiography, X-ray analysis, immunological, histochemical analyses, and high-field (3.4 T) pulse electron paramagnetic resonance (EPR) at 94 GHz. No correlation between the stable and unstable APs in the sense of the calcification is revealed. In all of the investigated samples, the EPR spectra of manganese, namely, Mn 2+ ions, are registered. Spectral and relaxation characteristics of Mn 2+ ions are close to those obtained for the synthetic (nano) hydroxyapatite species but differ from each other for stable and unstable APs. This demonstrates that AP stability could be specified by the molecular organization of their hydroxyapatite components. The origin of the obtained differences and the possibility of using EPR of Mn 2+ as an AP stability marker are discussed.
Introduction
Atherosclerosis is a cardiovascular disease characterized by the accumulation of fatty deposits within the arterial intima, which can eventually expand into the lumen and obstruct blood flow. Atherosclerosis is the result of chronic inflammation in the arterial vessels, initiated by endothelial cells damage, involving monocytes, macrophages, and dendritic cells in conditions of oxidative stress. It is a slowly progressive multifactorial disease with a long asymptomatic phase [1] . Aortic arch atherosclerosis (especially in the common carotid artery bifurcation) is the cause of 20% of ischemic stroke [2, 3] , which is the consequence of the increasing atherosclerotic plaque (AP) instability.
Plaque stability becomes critical as atherosclerosis progresses. Rupture of unstable plaque can initiate thrombosis leading to vascular occlusion and downstream tissue infarction. One of the important components in the pathogenesis of atherosclerosis is an AP calcification [4, 5] . The origin and mechanisms of the AP calcification remain unclear. Calcification initially affects the lipid core in the close vicinity to the cells involved in the inflammation [4] . Apoptotic bodies and cell debris act as nucleation centers for the accumulation of lipoproteins and phospholipids [3] with the deposition of biominerals, consisting mainly of the nonstoichiometric, calcium-deficient carbonated hydroxyapatite (HAp) with the chemical formulae Ca 10 (PO 4 ) 6 (CO 3 ) 2 for "ideal" HAp [4] [5] [6] [7] .
At present, there is no consensus in the expert community on whether the calcification is a sign (indicator) of the AP stability. It is logical to assume that the status of the AP organomineral matrix should (or may) mirror the status of the AP stability but different aspects of calcifications must be taken into account to establish a significant relationship with the AP progress. These include chemical diversity, morphologic features at the mesoscopic and macroscopic scale, location, presence of trace elements, presence of molecular groups, such as carbonate groups in apatites [6, 8] . It, in its turn, implies the comprehensive analysis of the clinical and reference materials by the variety of the analytical methods, some of which are still not widely implemented not only into the clinical practice but even into the advanced biochemical research.
Because HAp is a highly absorptive material [9] [10] [11] , it is believed that this biomineral in AP would actively absorb metal complexes located in the tissue matrix as the result of release from normal or destructive cells of the vessel wall. Among those are the complexes of Fe, Cu, and Mn, many of which are paramagnetic and, therefore, can be detected and investigated by electron paramagnetic (spin) resonance (EPR or ESR) methods (see [12, 13] and literature cited there). The type of the observed EPR spectra, their intensity, relaxation characteristics, and so forth reflect the structure and properties of the host matrix; that is, the observed paramagnetic complexes can serve as intrinsic probes that mirror the origin, growth, and status of the AP biominerals as well as a status of the adjacent tissues.
Concerning manganese, in the human body, Mn exists primarily in two oxidized states, that is, Mn 2+ and Mn 3+ .
While Mn 3+ species are generally EPR silent, Mn 2+ complexes are EPR detectable [14] . The most familiar manganesecontaining complex is a manganese superoxide dismutase (Mn-SOD). It is a homotetramer (96 KDa) containing one manganese atom per subunit that cycles from Mn 3+ to Mn
2+
and back to Mn 3+ during the two-step dismutation of superoxide. It is the primary enzyme of the antioxidant defense system that protects the energy-generating mitochondria from oxidative damage [15] . This mitochondrial enzyme catalyzes the dismutation of superoxide anions (O 2 •-) to hydrogen peroxide (H 2 O 2 ) and O 2 . Mn-SOD slows AP ulceration, reduces oxidized low-density lipoprotein (ox-LDL) mediated macrophage apoptosis, and inhibits endothelial cell dysfunction and the oxidation of low-density lipoproteins (LDL) by endothelial cells. Emerging evidence indicates that many cardiovascular syndromes are associated with some evidence for mitochondrial dysfunction [1, 16] . As a result of the cell death during atherogenesis, Mn from mitochondrial Mn-SOD may appear in the extracellular matrix and could be absorbed by HAp. Whether the EPR properties of Mn 2+ ions can be used in the context of the evaluation of the AP stability is an open question.
In a series of our previous papers [17] [18] [19] [20] [21] , we mainly focused on the investigation of the natural and synthetic nano-and micropowders of HAp with the substitution by different ions and groups (lead, manganese, carbonates, nitrogen containing species) in the large concentration range of 0.001-14.0 wt% as well as on the comparison of the results acquired on the model systems with those obtained from the postmortem clinical material [6, 7] . We have gathered the experience of the characterization of HAp and AP samples by different EPR techniques to choose the more sensitive high-field (HF) EPR (W-band, magnetic field 0 of about 3.4 T) which requires the substance grain size with the cross-sectional diameter of less than 1 mm. We have noticed [17] that the relaxation characteristics, namely, the transverse/phase-memory relaxation time 2e of Mn 2+ ions in HAp, are very sensitive to the changes in their local environment even at very low manganese concentrations of < 0.05%. On that basis, it was assumed that not only the EPR spectra but also 2e could correlate with the status of the AP organomineral matrix. Therefore, the HF EPR was conducted in the pulsed regime. Furthermore, by choosing the proper pulse and delay durations, one has the additional potential ability to separate the spectrally overlapped paramagnetic centres.
The main aim of this work is the experimental study of the carotid artery specimens obtained during the surgery by the pulsed HF EPR techniques [22, 23] and comparison of the results with those acquired by the established clinical, biochemical, and analytical tools.
Materials and Methods
The object of the study was the inner lining of the carotid artery specimens obtained during carotid endarterectomy in patients with atherosclerosis. We investigated 27 endarterectomy specimens (plaques or fragments of plaques) derived from 27 male patients with a mean age of 57 years (42 to 64) of whom 19 were symptomatic. All patients presented a carotid stenosis more than 60% (North American Symptomatic Carotid Endarterectomy Trial [NASCET] criteria) as established by ultrasound (Vivid 7 Expert, GE, USA) and magnetic resonance imaging (Signa Horizon HDxt 1.5 T, GE, USA) angiography. 18 patients are smokers. Based on the modified Gray-Weale classification of atherosclerotic plaques [24, 25] , 21 plaques were classified as "unstable" (echolucent, low median gray level, GSM ≤ 25) while 6 as "stable" (echogenic, GSM > 25).
Sections of AP were cut and stained by hematoxylin and eosin to estimate the areas of calcium deposits from the digitized images with the help of ×100 lens of Axio Imager A1 (Carl Zeiss), AxioVision version 4.8.2 (Carl Zeiss MicroImaging GmbH) and ImageScope version 12.2.2.5015 (Aperio Technologies, Inc.). Shapiro-Wilk normality test, Wald-Wolfowitz runs test, and Mann-Whitney U test were carried out by using StatSoft Statistica version 10.0. and Origin Pro 8.0 software products. The results were considered statistically significant at < 0.05.
For histology and immunohistochemistry, the samples after resection were immediately transferred into the 4% paraformaldehyde (from 95% powder from Sigma-Aldrich, CAS number 30525-89-4). After fixation, samples were placed in 30% sucrose and a week later embedded in tissue freezing medium. Twenty microns tissue sections (fibrous caps and plaque shoulders) obtained with a Microm HM 560 Cryostat were incubated with primary and secondary antibodies. For cell characterization, samples were treated with antibodies against markers of macrophages/monocytes (CD68 antibody, Santa Cruz Biotechnology) and endothelial cells (anti-CD31, Santa Cruz Biotechnology, and anti-von Willebrand factor, anti-VWF, also known as factor VIII, Dako). Following primary antibody incubation, the reactions were visualized using Polymer Kit (Post Primary Block + Polymer, Novocastra Novolink) and AEC Peroxidase (HRP) Substrate Kit, 3-amino-9-ethylcarbazole (Vector Laboratories) according to the manufacturer's instructions. The numbers of CD68, CD31, and vWF immunopositive cells were quantified in the fibrous cap and shoulder region of AP in images captured using a ×40 objective from five adjacent optical slices (the observed area is of 0.25 mm 2 ). ImageJ version 1.46 was used for data acquisition and analysis. Data are presented as means ± standard error of the mean (SEM). A one-way analysis of variance (ANOVA) with Tukey's test was used for comparisons between groups. Data were analyzed using Origin 8.0 software.
For EPR studies, the tissue specimens were transferred and kept in liquid nitrogen ( = 77 K) and then freeze-dried (lyophilized) at = 5⋅10 −5 mBar and = 253 K (−20 ∘ C). Bruker Elexsys 580/680 spectrometer operating at W-band (microwave frequency of about 93.5 GHz) equipped with the superconducting magnetic system and the liquid helium temperature controller was used in the pulsed regime. In this research, we have investigated the plaque shoulders and cores. Electron spin echo (ESE) EPR spectra were recorded by means of field-swept two-pulse echo sequence /2--with the pulse length of pulse of 12 ns and time delay = 240 ns. For the phase-memory 2e time measurements was varied from 200 ns up to the desired value with the minimal possible step of 4 ns. The EPR measurements were conducted in the temperature range of 8-50 K. At higher temperatures, fast spin-lattice relaxation of Mn 2+ ions prevents the observation of ESE. More details concerning the different aspects of EPR applications and instrumentation for the biological related research can be found in [13, 22, 23] and literature cited there.
All participants expressed their prior written consent to take part in the research. The study was approved by the Bioethical Committee at the ICDC Clinical Centre and was carried under the guidance of the Declaration of Helsinki (1964 and later versions).
Pure and manganese-containing synthetic hydroxyapatite nano-and micropowders with the crystallite sizes from 20 nm up to 1000 nm were synthesized by the wetprecipitation technique in the group of V.I. Putlyaev (M.V. Lomonosov Moscow State University, Moscow, Russia). Details of the synthesis and HAp characterization are given in [17, 20, 21] .
Lyophilized powder of Mn-SOD from E. coli was purchased from Sigma-Aldrich (Product number S5639-3KU) and was used as it is to take the EPR spectra.
X-ray diffractometry (XRD) measurements were done on Bruker D8 Advance (Cu anode, 1.6 kW, Si sample holder for the small substance amount) and analyzed in EVA program.
Results
XRD analysis (Figure 1) shows the presence of the crystal phase of hydroxyapatite in all the studied AP specimens (ID = 1011242 from the crystallography open database COD [26] ). The broadenings of the peaks are mainly due to the small crystallite sizes of HAp in APs (less than 100 nm). The crystallinity degree was estimated from the broad halo and varies in the range of (40 ± 18)%. No differences in the positions of the peaks in the XRD pattern for the investigated specimens (3 stable and 3 unstable plaques) were found. The intensity (the ratio signal-to-noise) of XRD patterns varies significantly (two orders of magnitude) with sample but the quantitative estimation of amount of HAp in the investigated species is a quite tricky task and is not done in the present research. Table 1 demonstrates that one cannot distinguish stable AP from the unstable one from the area occupied by calcium deposits. No statistically reliable differences were found for number of macrophages (CD68 + cells) for stable and unstable plaques. It is in accordance with the results of Pelisek et al. [27] , for example. The difference between the stable and unstable plaques was established by the criterion of neovascularization. Thus, the number of endothelial cells counted by help of the markers CD31 and vWF in unstable plaques is higher than in the stable plaques. These data are also consistent with the results of Pelisek et al. [27] .
In all of the obtained species, an EPR signal due to the presence of Mn 2+ ions was observed (Figure 2 ). The integral intensity (and, therefore, the concentration of the Mn 2+ ions) varies from sample to sample in the range of about one order of magnitude. The absolute maximal concentration of paramagnetic centers was estimated to be less than 10 No relationship between the intensity and AP stability was observed. Because as it was pointed out above the determination of amount of inorganic phase in the investigated species was problematic, we cannot compare the concentrations of Mn 2+ in different samples directly, from the comparison of the integral intensities of their EPR spectra. Figure 2 presents the typical EPR spectra of stable (number 23) and unstable (number 27) AP samples in comparison with the manganese-containing nano-HAp and Mn-SOD. Due to the presence of the nuclear magnetic moment = 5/2 for 55 Mn, the hyperfine interaction between the electron ( = 5/2) and nuclear spins leads to the observation of the sixth-line pattern centered at -factor of ≈ 2.001(1) and hyperfine constant of about (9-10) mT. Closeness of and parameters to those obtained in the manganese-containing HAp (see also [17] and references therein) allows for assuming that the obtained AP EPR spectra are mainly indebted to Mn 2+ ions in HAp. There are two types of Mn 2+ signals that are detectable in the investigated AP samples. We found that 5 of 6 stable plaques reveal the EPR spectra which can be characterized by only single hyperfine constant 1 = (9.35 ± 0.15) mT with 1 ≈ 2.001(1) (curve C in Figure 1 ), while for all unstable plaques and one stable an additional constituent with 2 = (9.15 ± 0.15) mT and 2 ≈ 1 -0.0005(1) should be taken into account (curve D in Figure 1 ) (due to the accuracy of our experimental setup and measurements, we are sure only in the difference between the -factors of the two substituents but not in their absolute values). As it would be shown in Discussion, we connect this fact with the two different probable locations of Mn 2+ in the crystal structure of HAp.
Additional line(s) observed in all 27 AP species belongs in our opinion to the different carbon-centered stable "free" radicals in the carbonated HAp (FR, cf. Figure 1) . Their possible origin, correlation between the degree of calcification, spectral and relaxation parameters of FR, and the radiationinduced FR are discussed in [6] and are not in the focus of the present research.
Though the investigated samples are inhomogeneous, the presence of manganese allows for probing the local Mn 2+ surrounding by the relaxation measurements. The experiment was done in the magnetic field rel which corresponds to the 4th component of the Mn 2+ hyperfine pattern (see Figure 1 ). At rel , the FR and manganese EPR curves are spectrally resolved (that allows for avoiding their mutual influence) while coinciding for the two types of Mn 2+ EPR signals. The difference in 2e curves became obvious at < 15 K.
The dependence of the kinetics of electron spin echo amplitude decay on increase of delay time between the microwave pulses is presented in Figure 3 . Each of the curves can be approximated by two exponents denoted as "fast" and The mean values for fast 2efast and slow 2eslow items of ESE decays with the corresponding SEM for = 6 (stable) and = 21 (unstable) plaques. The numeric values with the corresponding statistical analysis are given in Table 1 .
"slow." As it can be seen ( Figure 4 , Table 1 ), while the fast relaxation component at the beginning of the ESE decay is practically the same for stable and unstable plaques, stable plaques have longer relaxation tales ( 2eslow of about 3 times longer than for the unstable APs, < 0.01).
Discussion
Let us firstly discus the 2e curves (Figures 3 and 4) . Transverse/phase-memory electronic relaxation time 2e is one of the basic numerical values derived from the pulsed experiments. In homogeneous systems with small amount of paramagnetic species, 2e is inversely proportional to the concentration of paramagnetic centers and very sensitive to the changes in their local surrounding [17, 28] . Our data indicate that the concentration of Mn 2+ ions in the unstable plaques are higher than in the stable APs at least at the local surrounding of Mn 2+ ions. Putting it in another way, the manganese ions in stable plaques are distributed more homogeneously or/and have less total concentration.
In papers of Lozhkin et al. [29, 30] , human aorta specimens obtained from autopsy of patients with atherosclerosis were investigated. A negative correlation between the concentration of manganese ions and degree of AP calcification was found. These findings are in a contradiction with the widely accepted findings in the recent past opinion that the more calcified AP generally is more stable.
The modern investigations show that the calcification is not directly and independently associated with plaque rupture [5, 31] . Nevertheless, to date one can state that, regardless of the nature of AP calcification, its assessment to predict complications for the cardiovascular system turned to be higher than the traditional approaches to risk analysis. We hope that our further research by using the presented and the more advanced EPR approaches like electron-nuclear double resonance (ENDOR, [17, 21] ) would allow for finding either positive or negative correlation between the status of AP and Mn 2+ environment in the conditions of the microand macrocalcifications.
Secondly, we discuss the obtained EPR spectra ( Figure 2 ). As we have already mentioned, the gathered set of the experimental facts allows for ascribing the obtained spectra to Mn 2+ ions in hydroxyapatite. The incorporation of small amount of Mn 2+ ions into the hydroxyapatite structure does not lead to any substantial alterations in the parameters of the crystallographic unit cell and does not affect hydroxyapatite crystallinity [32, 33] . Surprisingly, the linewidths of the EPR spectra components in APs are quite narrow to distinguish the different contributions (cf. with the EPR of 20 nm synthetical Mn-HAp in Figure 1 ). It is evidenced that the obtained spectra belong to Mn 2+ ions embedded into the crystal phase of the organomineral matrix.
The recent theoretical research [33] shows that Mn substituted HAp is the more stable structure than other divalent metal ( A location (position) of the introduced manganese in either biogenic material or synthesized samples is still debated [17, 32, 33] . As for the natural apatites, two nonequivalent calcium positions Ca(1) and Ca(2) distinguishable in the HAp structure are proposed for the Mn 2+ substitutions. The Ca(1) ions lie along a line parallel to the crystal c-axis and are connected to each other by three shared oxygen ions resulting in a "Ca(1) channel." The Ca(2) ions form perpendicular to the c-axis triangles with two hydroxyl groups. This scheme forms an "OH channel."
It is conventionally assumed that Mn 2+ ions preferentially occupy the Ca(1) position in the crystallographic unit cell but can be also distributed between the Ca(1) and Ca (2) positions [17, 32, 33] . In principle, EPR techniques should feel the difference between these locations. But up to the present, there are still no reliable calculations of Mn 2+ EPR parameters for these positions while the more or less convincing experiments are done only for the natural apatite crystals; that is, they are derived from the angular dependencies of their EPR spectra (see [17] and references therein). This experimental approach, obviously, is not applicable for the AP calcium deposits. One of the obstacles that hinder the application of nuclear magnetic resonance (NMR) is less with respect to EPR sensitivity for investigations of small amounts of the clinical materials. Thus, to date we can assume that for the stable plaque a scheme for which Mn 2+ substitutes mainly one calcium position (let us say Ca(1)) is realized while in the unstable plaque both positions Ca(1) and Ca(2) are filled. This conclusion correlates with the differences in the 2e curves; for stable plaques, Mn 2+ is distributed more homogeneously than for the unstable that leads to the slower relaxation times 2eslow for the stable plaques.
Thirdly, we discuss the possible origin of the detected manganese complexes. Lozhkin et al. speculated that the decrease in the manganese content with the increasing of AP calcification could be connected with the deficiency of mitochondrial Mn-SOD [29, 30] . However, now this assumption does not seem to be quite reasonable, because it is apparently not all of Mn 2+ in AP has intracellular localization being in the mitochondrial Mn-SOD.
It is very likely that this pool of Mn 2+ is formed as a result of the high-rate disintegration of the AP cells during atherogenesis. This pool of extracellular Mn 2+ , available in structures of the tissue matrix, could grow with the degree of the instability of AP which is accompanied by active cell death and disintegration. It is known that the apoptosis of resident macrophages is one of the earliest pathogenic events during atherosclerotic lesion of the vessel wall [34] . On the other hand, an increase of Mn-SOD expression in cells prevents the development of atherosclerosis and as might be expected the formation of unstable AP [1] . Mn-SOD activity increases significantly in the intima of an atherosclerotic artery [35] . Essential factor affecting activity of the enzyme is oxidized low-density lipoprotein (oxLDL), which have a damaging effect on the macrophages and plays a key role in the development of atherosclerosis.
Conclusion
For the first time, to the best of our knowledge, the pulsed Wband EPR comparative studies of a series of atherosclerotic plaques obtained during carotid endarterectomy in patients with atherosclerosis are presented. Due to the high sensitivity and small amount of tissues required for the W-band EPR, the samples of less than 1 mm in cross section could be investigated. In all of the obtained species, EPR spectra due to the presence of Mn 2+ ions in a crystal matrix are observed.
The spectral parameters of Mn 2+ are shown to be different and ascribed to two possible locations in the hydroxyapatite constituent of the atherosclerotic plaques. The obtained difference in the electronic transverse relaxation 2e can indicate the higher local concentration of Mn 2+ ions in the unstable plaques, that is, the more homogeneous distribution of Mn 2+ ions in stable plaques. Therefore, it seems to be that stable and unstable AP differ in the molecular organization of their hydroxyapatite components. Simultaneously, we have confirmed the fact that the amount of calcium deposits is not connected with the AP instability, at least directly.
We realize that pulsed and high-field EPR due to the high equipment price and need of liquid helium probably would not be used for rapid determination of AP stability in the near future. But, as we showed, the detection and study of the spectral and relaxation characteristics of the intrinsic paramagnetic centers can be fruitfully used as a very sensitive tool for gathering additional information (which is inaccessible to other methods and techniques) about the content and morphology of the investigated tissues.
